Diabetes is one of the most impactful diseases worldwide. The most commonly prescribed anti-diabetic drug is metformin. In this study, we identified an endosomal Na ؉ /H ؉ exchanger (NHE) as a new potential target of metformin from an unbiased screen in Caenorhabditis elegans. The same NHE homolog also exists in flies, where it too mediates the effects of metformin. Our results suggest that endosomal NHEs could be a metformin target and provide an insight into a novel mechanism of action of metformin on regulating the endocytic cycle.
Diabetes is one of the most impactful diseases worldwide. The most commonly prescribed anti-diabetic drug is metformin. In this study, we identified an endosomal Na ؉ /H ؉ exchanger (NHE) as a new potential target of metformin from an unbiased screen in Caenorhabditis elegans. The same NHE homolog also exists in flies, where it too mediates the effects of metformin. Our results suggest that endosomal NHEs could be a metformin target and provide an insight into a novel mechanism of action of metformin on regulating the endocytic cycle.
Diabetes, a common consequence of the growing obesity epidemic, has emerged as a global health threat with over 422 million people worldwide being diagnosed in 2014 (1) . Type 2 diabetes mellitus, which is characterized by insulin resistance, is the most common type of diabetes (2) .
The most prescribed anti-diabetic drug is metformin, 1,1-dimethylbiguanide (3) . Metformin reduces glucose production in the liver and increases glucose uptake in muscle and adipose tissue, ameliorating diabetes (4) . In addition, metformin exerts beneficial effects on other diseases such as polycystic ovary syndrome, certain cancers, and neurological disorders (2, 5) . Several studies identified molecular targets of metformin: it inhibits complex I in mitochondria and decreases NADH oxidation, while reducing proton pumping across the inner mitochondrial membrane and decreasing oxygen consumption rate (6, 7) . These effects in turn reduce the proton gradient and increase the AMP/ATP ratio, resulting in activation of AMP-activated protein kinase (AMPK) 2 and triggering a cascade that inhibits gluconeogenic gene expression and energy-consuming processes such as lipogenesis (5, 8) . Metformin increases AMP and inhibits adenylate cyclase activity, leading to a reduction in cAMP levels, thereby inhibiting PKA activity and glucagon-dependent glucose production in mice (9) . Metformin in physiological doses also suppresses hepatic gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase (10) . Given its versatile effects, it is likely that there are multiple targets of metformin with a wide range of affinities. A better understanding of the targets of metformin will not only allow for a more fine-tuned control of treatment with the drug, but also potentially provide insight into new therapeutic targets for diabetes and other metabolic disorders.
Caenorhabditis elegans has been used for studying metabolism, reproduction, aging and other physiological processes, providing useful knowledge of the biology and molecular pathways underpinning human diseases. In this study, we report that metformin reduces C. elegans L1 longevity, a survival span of starvation. Using this phenotype, we performed an unbiased genetic screen and found an endosomal Na ϩ /H ϩ exchanger (NHE) as a potential molecular target of metformin. Moreover, the same NHE homolog in flies also mediates the effects of metformin, suggesting that an NHE could be a conserved target for metformin.
Results

Metformin Reduces L1 Longevity in C. elegans via NHX-5-It
has been shown that in Drosophila, metformin treatment (100 mM) reduces lifespan (11) . We discovered that metformin (100 mM) also reduces a certain type of lifespan, L1 survival span or L1 longevity, in C. elegans. Hatching without food, the first stage larva (L1) survives ϳ14 days at 25°C and 21 days at 20°C (12) . Metformin (100 mM) reduces L1 longevity to 7 days at 25°C (Fig. 1A) and to 10 days at 20°C (Fig. 2A) . To identify a molecular target of metformin, we performed an unbiased genetic screen in C. elegans, using this metformin sensitivity phenotype. We screened ϳ10 5 ethyl methanesulfonate (EMS)-mutagenized haploid genomes and isolated a mutant with better survival in the presence of metformin. Subsequent mapping and whole genome sequencing revealed a single nucleotide substitution in the nhx-5 gene that led to an amino acid substitution of the conserved glycine 207 to glutamate (G207E). The C. elegans genome contains nine NHEs, NHX-1 through NHX-9, all of which exchange a vesicular or extracellular sodium for a luminal or intracellular proton (13) . Some are expressed on the plasma membrane of cells, whereas others are expressed on the membranes of intracellular organelles. nhx-5 encodes the sole homolog of endosomal Na ϩ /H ϩ exchangers 6, 7, and 9, which reside in the endosomal membranes to modulate endosome pH and regulate the rate of the endocytic cycle in mammals (Fig. 1B) (14) . NHX-5 is expressed in many cells including neurons, hypodermis, and intestine in C. elegans (Fig.  1C) . NHX-5 proteins in C. elegans are also localized in the membranes of intracellular vesicles of the endocytic cycle (13) , suggesting its conserved cellular function. An existing deletion mutant (ok661, obtained from the Caenorhabditis Genetic Center) also survived metformin treatment better (Fig. 1A, shown as ⌬nhx-5), validating our results from the screen. Both mutants are slightly short-lived when compared with wild type in the absence of metformin (Fig. 1A) . The changes in 50% survival due to metformin treatment are 52% for wild type, 29% for nhx-5, and 20% for ⌬nhx-5. Thus they survive the metformin treatment better than wild type, showing that the better survival by nhx-5 mutations is not due to the intrinsic longevity of nhx-5 mutants.
The resistance of nhx-5 mutants to metformin was rescued by restoring the expression of nhx-5 using its endogenous promoter, confirming that nhx-5 mediated metformin sensitivity (Fig. 1D , TG: transgenic siblings that carry nhx-5 gene; NTG: non-transgenic siblings that do not carry nhx-5 gene; TG looked similar to wild type, so therefore it rescued the phenotype.). These results are consistent with the idea that metformin could act on multiple targets. Among nine Na ϩ /H ϩ exchangers in C. elegans, deletion mutants of five other nhxs were available to test (nhx-3, nhx-4, nhx -6, nhx-8, and nhx-9) . On the other hand, nhx-2 deletion mutants are embryonic lethal or arrested at L1. When we tested the available nhx mutants for metformin sensitivity, all showed sensitivity to metformin similar to wild type ( Fig. 2A) . We tested the sensitivity at 20°C so that even a small difference can be detected because of longer L1 lifespan at 20°C. This result supports the inference that among these NHXs, NHX-5 is specific for conferring metformin sensitivity.
Because AMPK is one of the known molecular targets of metformin, we tested the L1 longevity of aak-2 mutants. aak-2 FIGURE 1. NHX-5 mediates metformin-induced L1 longevity phenotype in C. elegans. A, metformin (100 mM) reduces L1 longevity in wild type, whereas two nhx-5 mutants survive better in the presence of metformin (ϩ met) (⌬nhx-5 and nhx-5). p Ͻ 0.001 between metformin-treated wild type and metformintreated nhx-5 mutant by log-rank test (see "Experimental Procedures"). Each data point is plotted as the mean of triplicated samples and standard deviation. B, phylogenetic tree to compare similarity among endosomal NHEs with C. elegans (Ce) nhx-5 and D. melanogaster (Dm) nhe3. nhe6 and nhe7 are the closest homologs of CeNHX-5 and DmNHE3 (red box). However, NHE6 and CeNHX-5 do not contain the Golgi retention motif, whereas NHE7 does (46) . This suggests that NHE6 is the closest functional homolog to ceNHX-5. Five CeNHXs (CeNHX1-5) localize in the plasma membrane and belong to the same phylogenetic group as the human NHE1 family, The phylogenetic tree was created using the MEGA program (47) . The p-distance method was used to calculate distance, and the neighbor-joining method was used to create a tree. The tree was evaluated by using the bootstrap method (1000 times). Neighbor-joining, unweighted pair group method with arithmetic mean (UPGMA), and minimum evolution methods created similar trees. C, NHX-5 is expressed in many cells including neurons, pharyngeal muscle, intestine and hypodermis in C. elegans (scale bar ϭ 100 m). D, transgenic nhx-5 mutant worms carrying a wild-type transgenic copy of nhx-5 (TG for transgenic, black square for without metformin (Ϫmet), red square for with metformin (ϩmet) (100 mM)) restore sensitivity to metformin, whereas non-transgenic siblings (NTG, black square for without metformin (Ϫmet), red square for with metformin (ϩmet) (100 mM)) are still resistant. Because the difference between wild type and nhx-5 mutants is most obvious after 6 days of starvation (panel A), we compared the percentage of survival between transgenic siblings and non-transgenic siblings after 6 days of starvation. Approximately 120 transgenic worms and 1000 non-transgenic worms were used. The numbers are the mean Ϯ S.D. ***, p Ͻ 0.001, by unpaired two-sample t test.
encodes an ␣ subunit of C. elegans AMPK. Although aak-2 mutants already have reduced L1 longevity when compared with wild type (12), we could still observe a consistent effect of metformin in L1 longevity of aak-2 mutants (Fig. 2B ).
An Endosomal NHE Mediates Metformin Sensitivity in Drosophila melanogaster-Consistent with a previous study, metformin (100 mM) greatly reduced the lifespan of D. melanogaster (11) (Fig. 2, C and D) . We found that this metformin sensitivity was entirely dependent on NHE3, the fly homolog of worm NHX-5 ( Fig. 2C for males, Fig. 2D for females). Remarkably, the nhe3 KG08307 mutant flies, which have a P element insertion in the first exon and have no detectable mRNA, are almost completely resistant to metformin, suggesting that NHE3 may be a major molecular target of metformin for metformin-induced lifespan reduction in flies. These results from worms and flies suggest that endosomal NHEs can be a conserved target of metformin action.
Endosomal NHEs Mediate Metformin Sensitivity Potentially by Regulating
Mitochondrial Function-Although the major site of action for metformin is somewhat controversial (15, 16) , one of the sites is mitochondria, where metformin inhibits complex I, thus increasing AMP levels and reducing oxygen consumption (6) . To examine whether an endosomal NHE is involved in the inhibition of mitochondrial function by metformin, we measured oxygen consumption rate in C. elegans in the presence of metformin. It has been shown that metformin indirectly affects C. elegans lifespan via changing the metabolism of bacteria (C. elegans food) (17) . To avoid this complication, we treated worms with metformin in the solution in which they were suspended without food for 30 min. We did not treat the animals longer than 30 min to avoid starvation effect. We found that metformin reduced oxygen consumption significantly in wild-type worms, suggesting that metformin inhibits mitochondrial function in C. elegans as it does in mammals were measured and compared with those of a wild-type control and nhx-5 mutants. L1 longevity in the absence (dotted lines) and in the presence of 100 mM metformin (met) (solid lines) was measured at 20°C to better distinguish the difference. Each data point is plotted as the average of triplicated samples and standard error. B, the L1 longevities of aak-2(ok524) mutants were compared with those of a wild-type control and nhx-5 mutants. The data of wild-type control and nhx-5 are re-used from panel A. L1 longevity in the absence (dotted lines) and in the presence of 100 mM metformin (solid lines) was measured at 20°C. C, metformin reduces the lifespan of male flies (black circle). This metformin sensitivity is completely abolished in nhe3 KG08307 null mutants (red square). Median survival times were 44 days for wild type (n ϭ 257) without metformin, 26 days with metformin (100 mM, n ϭ 70), and 44 days for nhe3 mutants without (n ϭ 290) or with metformin (n ϭ 276). D, metformin reduces the lifespan of female flies. Median survival times were 32 days for wild type (n ϭ 267) without metformin, 16 days with metformin (n ϭ 275), 34 days for nhe3 mutants without metformin (n ϭ 294), and 30 days (n ϭ 291) with metformin. There was no significant difference in survival between metformin-treated and non-treated nhe3 mutant flies by log-rank test from two independent experiments (p ϭ 0.2 for both sexes, log-rank test), whereas there was significant difference between metformin-treated and non-treated wild-type flies (p Ͻ 0.0001, for both sexes). E, metformin affects mitochondrial function in part through NHX-5. The isolated mutants of nhx-5 and an existing deletion mutant of nhx-5 (⌬nhx-5) were tested. Approximately 3000 adult worms were treated with 100 mM metformin for 30 min, and the rates of oxygen consumption were measured (see "Experimental Procedures"). Each experiment was done in triplicate, and the experiment was repeated at least three times. N.S., not significant, *, p Ͻ 0.05, **, p Ͻ 0.01, by paired Student's t test. (Fig. 2E , shown as ϩ). Next we asked whether this reduction of oxygen consumption rate by metformin is dependent on NHX-5. First we noticed that both nhx-5 mutants showed reduced baseline oxygen consumption, suggesting that endosomal NHEs are important in mitochondrial function (black bars in Fig. 2E ). Metformin failed to reduce oxygen consumption rate in the deletion mutant of nhx-5 (shown as ⌬nhx-5 in Fig. 2E ) but still reduced it in the G270E mutant (shown as nhx -5) . Because the deletion mutation likely produces no functional NHX-5, whereas the G270E mutation could produce proteins with residual function, this result could suggest that at least a part of metformin action in mitochondria could be mediated by endosomal NHEs. We do not know the reason behind the difference between the two mutations. However, this kind of inconsistency in phenotypes depending on the nature of mutations is not uncommon. One possible interpretation in this case could be that because the deletion mutant of nhx-5 already has low basal O 2 consumption without metformin, any further reduction would be harder to detect. The point mutation, however, may have residual function, so it has room for metformin to reduce it further.
Metformin Inhibits Autophagosome Formation during Starvation in C. elegans-One of the major catabolic processes necessary for C. elegans L1s to survive long-term starvation is autophagy (18) , whose final step is to fuse autophagosomes with lysosomes to form autolysosomes, which degrade organelles as well as macromolecules to acquire energy (19) . In the absence of lysosomal degradation, autophagy does not progress normally and results in pathologic accumulation of autophagic vesicles, misfolded proteins, and abnormal organelles (2). Interestingly, knock-out mice that lack NHE6, the mammalian homolog of C. elegans NHX-5, show Angelman-like syndrome (20) in which the lysosome becomes dysfunctional, mimicking lysosomal storage disorders (21, 22) . This indicates that NHE6 functions at the interface of late endosomes and lysosomes. We previously showed that too little autophagy in C. elegans during long-term starvation greatly reduces L1 longevity (18) . Based on that and also because the lysosomal dysfunction will affect autophagy, we hypothesized that metformin dysregulated endosome trafficking and autophagy during L1 starvation by regulating NHX-5, which in turn reduced L1 longevity. When we measured autophagosomal puncta using an LC3 homolog fused with GFP (GFP-LGG-1), a marker widely used to label autophagosomes (23, 24) , we found that the number of puncta increased as starvation continued. However, we found that in the presence of metformin, the number of puncta did not increase but stayed at the basal level as starvation continued (Fig. 3, 4, A and B) . This result suggests that in the presence of metformin, the level of autophagy does not increase even if starvation persists, suggesting that metformin inhibits autophagy during starvation. Because autophagy is a continuous process of influx and efflux, measuring GFP puncta at a given time shows only a static state of autophagy level, and therefore it does not rule out the other possibility that metformin might enhance the efflux, i.e. faster degradation of GFP-LGG-1 in the autolysosomes, which in turn causes a lower number of GFP puncta. However, the number of puncta in the metformin-treated animals remains at the basal level (about 10 throughout the starvation period) both in the intestine and in the pharyngeal muscle even if the intestine has a higher autophagy level than the pharyngeal muscle in the absence of metformin (an average of 15 puncta for pharyngeal muscle in Fig. 3C , when compared with an average of 30 puncta for intestine in Fig. 4F on day 5) . Also, although the number of puncta continues to increase in non-treated animals as starvation continues, the number of puncta in metformin-treated animals does not change throughout starvation. These two observations suggest that the level of autophagy in the presence of metformin does not increase however long starvation continues, suggesting that the influx of autophagy is inhibited. It would be harder to maintain the consistent level of autophagy by controlling efflux rate throughout the starvation period in the two different organs. Supporting this notion, we were not able to capture an increase in GFP-LGG-1 puncta or any fluctuation in numbers of puncta in metformin-treated animals regardless of how early we looked in the treatment time course. These results suggest that it is unlikely that metformin enhances efflux but more likely that it inhibits influx.
Metformin treatment did not inhibit autophagy in nhx-5 (ok661) mutants as much as in the wild type, suggesting that metformin affects autophagy mainly through NHX-5 (Fig. 4,  C-F) . Although metformin-treated nhx-5 mutants showed higher numbers of GFP-LGG-1 puncta than metformin-treated wild type, they showed a significantly lower number of puncta than non-treated wild type, suggesting additional targets for the metformin effect on autophagy. Because the overall intensity of GFP-LGG-1 is not significantly reduced in all the animals (for example, compare the intensity of GFP in the terminal bulb, indicated as dotted circles in Fig. 3, A and B , and yellow arrowheads in Fig. 4, A-D) , the reduced number of puncta in intestinal cells in the metformin-treated wild type is unlikely to be due to a reduction in GFP-LGG-1 protein level.
Interestingly, most of the GFP-LGG-1-labeled puncta were located specifically on the intestinal lumen side rather than on the hypodermis side or randomly distributed (Fig. 4, A-E) . Also they were clustered in one or two regions in an intestinal cell (Fig. 4E) . These regions are mostly perinuclear regions where macroautophagy occurs during starvation.
nhx-5 mutants do not show any gross abnormality. However, their L1 longevity is slightly shorter than wild type (Fig. 1A) , and after long-term starvation as L1s, they recovered more slowly than wild type when they were given food. In addition, the GFP-LGG-1-labeled puncta in wild-type animals disappeared within 6 h after the animals were fed, whereas those in nhx-5 mutants did not. These observations suggest an autolysosomal defect in The yellow arrowhead indicates a birefringent gut granule (no GFP and not an autophagosome), known to be stained with lysosomal dyes (48) . GFP-LGG-1 puncta were counted under a GFP filter (GFP, right panel, 63ϫ). DIC (left panel, 63ϫ) is used to show the animals as well as to validate the location of the individual puncta. F, GFP-LGG-1-labeled puncta from starved worms were determined at the given time. Metformin-treated wild type (wt met) showed a significantly reduced number of puncta when compared with the nhx-5 mutants in the presence or absence of metformin (p Ͻ 0.05, unpaired two-sample t test). In addition, metformin-treated nhx-5 showed a significantly reduced number of puncta when compared with cohorts in the absence of metformin (p Ͻ 0.01). However, wild type and nhx-5 controls are not different in starvation-induced GFP-LGG-1-labeled puncta. To avoid a sampling error, the days were cut off when fewer than 30% of animals were alive because the dead animals did not show autophagy puncta. The numbers are the mean Ϯ S.E.
nhx-5 mutants that could lead to the reduced L1 longevity of nhx-5 mutants in the absence of metformin.
Although metformin generally increases autophagy in cancer cell lines or pathological conditions (25, 26) , our results suggested a potentially opposite effect of metformin in autophagy, probably due to the long-term starvation effect. Indeed, metformin treatment combined with 2-deoxyglucose, which could mimic certain aspects of extreme starvation by depleting ATP, inhibits autophagy (27) . Similarly, metformin suppresses autophagy in H4IIE cells upon glucose starvation (28) . Taken together, our results suggest that inhibition of autophagy and consequential insufficient energy could contribute to the reduced L1 longevity by metformin and that NHX-5 mediates a part of this action.
Discussion
From an unbiased genetic screen in C. elegans, we identified an endosomal NHE as a potential target of metformin. Metformin reduces oxygen consumption, and reduces autophagosome formation during long-term starvation, suggesting a connection between mitochondria and the endocytic cycle. NHE6, the homolog of C. elegans NHX-5, was identified as a novel insulin-responsive gene, suggesting that the trafficking of NHE6-loaded endosomes by insulin could play an important role in glucose homeostasis (29) . It is possible that metformin could regulate NHE6 function so as to restore insulin sensitivity. It has been shown that insulin-induced GLUT4 translocation to plasma membrane occurs by stimulating GLUT4 storage vesicles that contain NHE6. Based on our results, we suggest that endosomal NHEs, such as C. elegans NHX-5 and D. melanogaster NHE3, are targets of metformin action to regulate the endocytic cycle and also potentially lysosomal function.
Several interesting studies may indirectly support the idea that metformin regulates the endocytic cycle. Two unrelated studies showed that metformin treatment cured flu patients (30) and blocked Src-induced cellular transformation (31) . Both processes (viral infection and Src activation) require an intact endocytic cycle. Therefore, it is possible that metformin prevents viral infection and Src activation, two seemingly unrelated phenomena, simply by interfering with the endocytic cycle. Indeed, it is well known that dysregulation of endosomelysosome fusion affects autophagy. For example, lack of endosomal sorting complexes required for transport (ESCRT) protein functions causes the accumulation of autophagosomes in mammals and flies (32) or elevated autophagy in C. elegans (33) . Moreover, endosomes are known to be a place for starvationinduced AMPK phosphorylation by LKB1 (34) and nutrientinduced mTORC1 activation, which is inhibited by metformin (34) . Because genetic mutations in NHE6 cause abnormal lysosome function and lead to Angelman-like syndrome in humans (20) , which is similar to lysosomal storage disorders (21, 22) , dysregulation of endosomal NHE activity by metformin may inhibit mammalian target of rapamycin (mTOR) translocation to the lysosome.
It can be speculated that metformin might enhance insulin sensitivity by acting directly in the endocytic cycle, a part of the insulin signaling pathway. Finally, we also found that phenformin reduced the L1 longevity of C. elegans and that the two nhx-5 mutants were partially resistant to phenformin, suggesting that the NHE is a possible target of both metformin and phenformin (data not shown). Indeed, various drugs, such as galegine (35) and phenformin, previously prescribed to treat diabetes share the guanidine backbone with metformin. These studies suggest that the backbone structure of these drugs may play a significant role in drug action. Notably, amiloride, a guanidine that shares the basic backbone structure with metformin, inhibits several paralogs of NHE6, namely NHE1, NHE2, NHE3, and/or NHE4 (36, 37) .
Taken together, our study suggests a new way to understand metformin action through a new molecular target, and thus provides new insight into treating diabetes.
Experimental Procedures
C. elegans Strains and Culture Conditions-Worms were maintained as described (38) ; P{SUPor-P} Nhe3 KG08307 ) was obtained from the Bloomington Drosophila Stock Center. This mutant carries a variant version of the P element at the first exon of the nhe3 gene that causes abnormal transcription of the nhe3 gene. Quantitative RT-PCR using two primers, 5Ј-AGCAAA-GGAAAGTCTCGAACCC-3Ј and 5Ј-CTACAGCTTTTCTA-CGCTCGTTG-3Ј, confirmed that unlike wild-type w 1118 , the nhe3 KG08307 mutant had no detectable mRNA (data not shown). Five males were used for preparing total RNA samples.
Fly Husbandry and Preparation of Diet-Larvae of the w 1118 strain or an nhe3 KG08307 mutant were grown separately until emergence on standard cornmeal-sugar-yeast medium (5.2 g of cornmeal, 11 g of sucrose, 2.5 g of yeast (MP Biomedicals, Solon, OH), 1.1 ml of 20% tegosept, and 0.79 g of agar per 100 ml of water). The rearing room was maintained at 25°C with 40% humidity on a 12-h light and 12-h dark cycle. Once eclosed as adults, flies were fed with sugar-yeast diet supplemented with or without metformin. Adult sugar-yeast diets were prepared using 10 g of sucrose, 10 g of yeast, 1.1 ml of 20% tegosept, and 0.79 g of agar per 100 ml of water. Metformin (Sigma-Aldrich) was dissolved in water to make 1 M stock solutions.
Measuring Lifespan of D. melanogaster-Newly eclosed adults were collected over 48 h and were transferred to demography cages to the final density of 100 males and 100 females per cage. Food vials (25 ϫ 95 mm) containing 0 or 100 mM metformin were attached to each cage via a 25-mm plastic tube and were changed every 2 days, at which time dead flies were removed and recorded (40) . Three replicates were done for each dose concentration, and the experiments were done twice independently.
Measuring C. elegans L1 Longevity, Metformin Treatment, and Fluorescence Microscopy-L1 longevity was measured as described (12, 41) . Briefly, eggs were isolated by basic hypochlorite treatment and then harvested in M9 buffer to get synchronous populations. The collected eggs were immediately treated with 100 mM metformin in M9 (drug-treated) or with M9 only (control). Tubes containing the eggs were kept rocking at indicated temperature. 20-l aliquots of control and drug-treated samples were taken and placed on three E. coli HB101 seeded plates for each group. Three days after plating, the numbers of adult worms were counted to measure survival. The percentage of survival was calculated based on the number of survivals on day 1 starvation. For transgenic rescue lines, the samples were prepared in the same way. Then surviving transgenic and nontransgenic siblings were counted using a fluorescence microscope, and the percentage of survival was calculated by separately normalizing by the numbers of each genotype on day 1. The number of worms used for each day is ϳ500 -600. All the experiments were repeated at least three times, and the graphs represent one of the replicates. GFP-LGG-1 fluorescence and localization were measured by using Zeiss Axio Imager A.2 microscope (GFP filter with 63ϫ magnification), while autofluorescence was measured by using DAPI and RFP filters. Images were taken by using a Zeiss AxioCam MRm camera.
EMS Mutagenesis and Whole Genome Sequencing-Approximately 10 4 P 0 L4s were mutagenized with EMS (Sigma-Aldrich) for 4 h, and ϳ10 5 haploid genomes of F 2 s were screened for resistance to metformin (100 mM) (38) . Eleven candidates were isolated from the primary screen. Only one of them showed consistent resistance to metformin in later tests. To map this mutation, we used both whole genome sequencing and SNP mapping methods (42) . Whole genome sequencing was performed by the University of Virginia Core Facility. The Whole Genome Sequencing dataset was analyzed using MAQGene (43) .
DNA Constructs to Generate Transgenic Animals-The F57C7 cosmid (obtained from the Wellcome Trust Sanger Institute) was used to rescue metformin resistance of nhx-5 mutants. The construct was injected as described previously (41) using rol-6::GFP as a co-injection marker. Transgenic worms carrying pJP113-nhx-5 (a gift from Dr. Nehrke) also restored metformin sensitivity similarly. NHX-5 expression was examined by using transgenic worms carrying a DNA construct that has an nhx-5 promoter (4.0 kb upstream from ATG start codon) fused with GFP.
These two primers, 5Ј-TGAGGACGAGCGTATCAACAG-3Ј and 5Ј-TCCTTTACTCATTATATCGACTGGGAAGA-GTGG-3Ј, were used to amplify nhx-5 promoter region, and these two primers, 5Ј-CCAGTCGATATAATGAGTAAAGG-AGAAGAACTTTTC-3Ј and 5Ј-GTACGGCCGACTAGTA-GGA-3Ј, were used to amplify the GFP coding region as well as the 3Ј-UTR region. Finally, the two PCR products were fused using primers 5Ј-CAACTTCGTAGCATGAGTGAAGG-3Ј and 5Ј-GGAAACAGTTATGTTTGGTATATTGGG-3Ј. Confocal images were obtained using a Zeiss LSM510.
Oxygen Consumption Measurement-Wild type and two nhx-5 mutants, YJ49 and YJ53, were prepared and synchronized by egg preparation (44) . Synchronized L1s were grown to young adulthood for 48 -50 h at 20°C. Young adults were collected with M9 and were resuspended in either 2 ml of 100 mM metformin in buffer or 2 ml of buffer only (control) for 30 min in liquid. Oxygen consumption rates were measured for 7 min and normalized to the number of worms counted after the recording. Approximately 2000 -3000 worms were used. The measurements were performed in triplicate for each treatment, and each experiment was repeated at least three times. Oxygen consumption rates were measured using the Hansatech Instruments Oxytherm system with S1/MINI electrode and Peltier Electrode Chamber. The data were acquired using the O 2 view data acquisition and system configuration software (Hansatech Instruments).
Statistical Analyses-Statistical log-rank tests for the fly demographic data were carried out using survival models in the JMP statistical package (SAS, Cary, NC). Statistical log-rank tests for the C. elegans wild type and mutants were carried out by the same method as the flies with a small modification of smoothing (12, 45) . For the unpaired two-sample t test, Excel in Microsoft Office 2010 was used. 
